The production of Z bosons is studied in the dimuon and dielectron decay channels in PbPb and pp collisions at √ s NN = 2.76 TeV, using data collected by the CMS experiment at the LHC. The PbPb data sample corresponds to an integrated luminosity of about 150 µb −1 , while the pp data sample collected in 2013 at the same nucleonnucleon centre-of-mass energy has an integrated luminosity of 5.4 pb −1 . The Z boson yield is measured as a function of rapidity, transverse momentum, and collision centrality. The ratio of PbPb to pp yields, scaled by the number of inelastic nucleonnucleon collisions, is found to be 1.06 ± 0.05 (stat) ± 0.08 (syst) in the dimuon channel and 1.02 ± 0.08 (stat) ± 0.15 (syst) in the dielectron channel, for centrality-integrated Z boson production. This binary collision scaling is seen to hold in the entire kinematic region studied, as expected for a colourless probe that is unaffected by the hot and dense QCD medium produced in heavy ion collisions. 
Introduction
The Z boson was first observed by the UA1 and UA2 experiments at CERN in proton-antiproton collisions at a centre-of-mass energy of 540 GeV [1, 2] . Since then, its properties have been characterized in detail by a succession of collider experiments [3] [4] [5] [6] [7] [8] [9] [10] . These properties, including mass and decay widths, as well as inclusive and differential cross sections, have been measured at different centre-of-mass energies in electron-positron, proton-proton, and proton-antiproton collisions. The large centre-of-mass energy and substantial integrated luminosities delivered by the CERN LHC for Pb beams provide new opportunities to study Z boson production in nucleus-nucleus collisions.
The Z bosons decay with a typical lifetime of 0.1 fm/c and their leptonic decays are of particular interest since leptons pass through the medium being probed without interacting strongly. Dileptons from Z boson decays can thus serve as a control for the processes expected to be heavily modified in the hot and dense medium, such as quarkonium or Z+jet production [11] . However, in heavy ion collisions, Z boson production can be affected by initial-state effects. The modification of the yield in heavy ion collisions is expected to be about 3% from isospin effects, the result of the proton-neutron (or u-d quark) ratio being different in protons and Pb nuclei [12] , and from multiple scattering and energy loss of the initial partons [13] . In addition, the nuclear modification of parton distribution functions (PDF) can lead to rapidity-dependent changes on the order of up to 5% in the observed Z boson yield in PbPb collisions [12] .
Based on the first PbPb collisions at the LHC, with an integrated luminosity of about 7 µb −1 , the CMS collaboration reported results on the Z → µ + µ − [14] , W ± → µ ± ν [15] and isolated photon [16] production. These measurements show that electroweak bosons are essentially unmodified by the hot and dense medium. In this paper, Z boson production at √ s NN = 2.76 TeV is studied using PbPb collision data collected in 2011, which corresponds to an integrated luminosity of about 150 µb −1 . From this PbPb data-taking period, the ATLAS collaboration published Z boson yields showing no deviation with respect to theoretical predictions [17] . The set of pp data at the same centre-of-mass energy recorded in 2013 by CMS, with a total integrated luminosity of 5.4 pb −1 , is used to measure pp yields. The nuclear modification factor (R AA ), the ratio of PbPb and pp yields scaled by the number of inelastic nucleon-nucleon binary collisions, is then calculated. These larger PbPb and pp data samples allow a more precise measurement of the Z boson yield dependence on transverse momentum (p T ), rapidity (y), and collision centrality. The dimuon channel is analyzed with an improved reconstruction algorithm (described in Section 4) compared to Ref. [14] , and the electron channel is used for the first time in CMS to measure Z boson production in heavy ion collisions.
The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diameter, providing a magnetic field of 3.8 T. Within the superconducting solenoid volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass/scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Muons are measured in gas-ionization detectors embedded in the steel flux-return yoke outside the solenoid. Extensive forward calorimetry complements the coverage provided by the barrel and endcap detectors. A more detailed description of the CMS detector, together with a definition of the coordinate system used and the relevant kinematic variables, can be found in Ref. [18] .
Muons are measured in the pseudorapidity range |η| < 2.4 using three technologies: drift tubes, cathode strip chambers, and resistive-plate chambers. Matching muons to tracks measured in the silicon tracker results in a relative transverse momentum resolution for muons with 20 < p T < 100 GeV of 1.3-2.0% in the barrel and better than 6% in the endcaps, The p T resolution in the barrel is better than 10% for muons with p T up to 1 TeV [19] . Electrons are measured in the ECAL that consists of 75 848 lead tungstate crystals providing a pseudorapidity coverage in the barrel region (EB) of |η| < 1.48 and in the two endcap regions (EE) of 1.48 < |η| < 3.0. The ECAL energy resolution for electrons with a transverse energy E T ≈ 45 GeV, which is typical of Z → e + e − decays, is better than 2% in the central region of the ECAL barrel (|η| < 0.8), and is between 2% and 5% elsewhere. For low-bremsstrahlung electrons, where 94% or more of their energy is contained within a 3 × 3 array of crystals, the energy resolution improves to 1.5% for |η| < 0.8 [20] . Matching ECAL clusters to tracks measured in the silicon tracker is used to differentiate electrons from photons. Two steel/quartz-fiber Cherenkov hadron forward calorimeters (HF) are used to estimate the centrality of the PbPb collisions. The HF detectors are located on each side of the interaction point, covering the pseudorapidity region 2.9 < |η| < 5.2.
Event selection and centrality determination
In order to select a sample of purely inelastic hadronic PbPb collisions, the contamination from ultraperipheral collisions and non-collision beam background is removed, as described in Ref. [21] . Events are preselected if they contain a reconstructed primary vertex containing at least two tracks and at least three HF towers on each side of the interaction point with an energy of at least 3 GeV deposited in each tower. To further suppress the beam-gas events, the distribution of hits in the pixel detector along the beam direction is required to be compatible with particles originating from the event vertex. These criteria select (97 ± 3)% of hadronic PbPb collisions [21] , corresponding to a number of efficiency-corrected minimum bias (MB) events N MB = (1.16 ± 0.04) × 10 9 for the sample analyzed. The predicted cross section for PbPb hadronic inelastic collisions at √ s NN = 2.76 TeV is 7.65 ± 0.42 barns, according to a Glauber Monte Carlo (MC) simulation [22, 23] with the same parameters as in Ref. [21] , which results in an integrated luminosity of about 150 µb −1 . The pp data set corresponds to an integrated luminosity of 5.4 pb −1 known to an accuracy of 3.7% from the uncertainty in the calibration based on a van der Meer scan [24] .
For the Z → µ + µ − study in PbPb collisions, a trigger requiring a single muon with p T greater than 15 GeV/c is used, while a double-muon trigger with no explicit p T selection is used for the pp sample. The efficiency for triggering on the Z → µ + µ − channel is approximately 99% and 98% in the case of PbPb and pp collisions, respectively. For the Z → e + e − channel in both PbPb and pp collisions, a trigger requires two significant energy deposits in the ECAL, one with E T > 20 GeV and another with E T > 15 GeV. The trigger efficiencies for the Z → e + e − channel are approximately 96% and 99% for Z bosons produced in PbPb and pp collisions, respectively. The difference comes from the energy-clustering algorithms used at the trigger level in PbPb [25] and pp [26] collisions.
Centrality for PbPb collisions is defined by the geometrical overlap of the incoming nuclei, and allows for splitting up the PbPb data into centrality classes ranging from peripheral, where there is little overlap of the colliding nuclei, to central, where there is nearly complete overlap of the colliding nuclei. In CMS, the centrality of a PbPb collision is defined through bins that correspond to fractions of the total hadronic inelastic cross section as observed in the distribution of the sum of the transverse energy deposited in the HF calorimeters [21] . The centrality classes used in this analysis are 50-100% (most peripheral), 40-50%, 30-40%, 20-30%, 10-20%, and 0-10% (most central), ordered from the lowest to the highest HF energy deposit.
When measuring the nuclear modification factor, R AA , as described in Section 6.3, the corrected Z boson yields in PbPb collisions are compared to those in pp collisions, scaled by the nuclear overlap function, T AA [22] . At a given centrality, T AA can be interpreted as the NNequivalent integrated luminosity per nucleus-nucleus (AA) collision, and T AA -normalized Z boson yields can thus be directly compared with the Z boson production cross sections in pp collisions. In units of mb −1 , the average T AA goes from 0.47 ± 0.07 to 23.2 ± 1.0, from the peripheral 50-100% to the central 0-10% ranges. These numbers, as well as all centrality-related quantities summarized in Table 1 , are computed using the Glauber model [22, 23] . The same parameters are used as in Ref. [21] , namely standard parameters for the Woods-Saxon function that distributes the nucleons in the Pb nuclei, and a nucleon-nucleon inelastic cross section of σ inel NN = 64 ± 5 mb, based on a fit to the existing data for total and elastic cross sections in proton-proton and proton-antiproton collisions [27] . 
Lepton reconstruction
Muons are reconstructed using a global fit to a track in the muon detectors matched to a track in the silicon tracker. The offline muon reconstruction algorithm used for the PbPb data has been significantly improved relative to that used for the previous measurement [14] . The efficiency has been increased by running multiple iterations in the pattern recognition step. The single-muon reconstruction efficiency is thus increased from 85% to 98% for muons from the Z boson decays with p µ T > 20 GeV/c, reaching the efficiency level of the algorithm used for pp collisions. Background muons from cosmic rays and heavy-quark semileptonic decays are rejected by requiring a set of selection criteria on each muon track. The criteria used are based on previous studies of the performance of the muon reconstruction [19] . At least one muon detector hit is required to be included in the global-muon track fit, and segments in at least two muon detectors are required to be matched to the track in the silicon tracker. To ensure a good p T measurement, at least four tracker layers with a hit are required, and the χ 2 per number of degrees of freedom of the global-muon track fit is required to be less than 10. To further reject cosmic muons and muons from decays in flight, the track is required to have a hit from at least one pixel detector layer and a transverse (longitudinal) distance of closest approach of less than 0.2 (5.0) mm from the measured primary vertex position. The most stringent selection criterion is the requirement of hits from more than one muon detector being matched to the global-muon track. The efficiency of these requirements is ≈98% for muons from the Z boson decays, and after applying these selections, the Z → µ + µ − charge misidentification rate is less than 1% in both PbPb and pp collisions.
The electron reconstruction method uses information from the pixel and strip tracker, and the ECAL. Electrons traversing the silicon tracker can emit bremsstrahlung photons and deposit energy in the ECAL with a significant spread in the azimuthal direction. An algorithm for creating superclusters, which are clusters of E T deposits from particles passing through the ECAL, is used for estimating the proper energy of photons in the heavy-ion environment, as in Ref. [16] . A dedicated algorithm is used to reconstruct electrons that takes into account the bremsstrahlung emissions [28] . Track seeds in the pixel detector compatible with the superclusters are found and used to initiate the construction of particle trajectories in the inner tracker. The standard algorithms and identification criteria presented in Ref. [20] are used for the pp sample, resulting in a reconstruction efficiency of about 98%. For PbPb collisions, the electron reconstruction efficiency is about 85% for p e T > 20 GeV/c electrons from the Z boson decays because the track reconstruction efficiency optimized for high-multiplicity events is lower than for pp collisions. The same electron identification variables are used in PbPb and pp collisions, with more stringent selection criteria in the latter case in order to match the ones in the √ s = 7 TeV pp analyses [7, 8] . The requirements used in the selection process that have been found to be the most effective in reducing the background (see Ref. [20] for definition of the variables) are: the energy-momentum combination between the supercluster and the track, the variables measuring the η and φ spatial matching between the track and the supercluster, the supercluster shower shape width, the hadronic leakage (the ratio of energy deposited in the HCAL and ECAL), and a transverse distance of closest approach from the measured primary vertex. These selection criteria reduce the single-electron efficiency by about 10% (5%) in PbPb (pp) collisions. After applying these criteria, the Z → e + e − charge misidentification rate for PbPb (pp) is less than 8% (4%), and is described well by a prediction of the combinatorial background based on same-charge pairs.
Signal extraction, corrections, and systematic uncertainties

Signal extraction
The Z boson candidates in PbPb and pp collisions are selected by requiring opposite-charge lepton pairs and then choosing those in the 60-120 GeV/c 2 invariant mass region, where both leptons fulfill the acceptance and quality requirements. The acceptance requirements for both muons in PbPb and pp analyses are p µ T > 20 GeV/c, to suppress muons from background processes, e.g. punch-through hadrons [19] , and |η µ | < 2.4 given by the acceptance of the muon detectors. Both electrons are required to have p e T > 20 GeV/c to suppress electrons from background processes, and |η e | < 1.44 to restrict them to be within the EB, to take advantage of the higher electron reconstruction efficiency in this region and also because the photon trigger is set to activate in the barrel region for the PbPb run. In both channels, the dileptons are chosen to be in the experimentally visible region in rapidity. The dimuon system rapidity is limited to |y| < 2.0, while the rapidity of the dielectron system is limited to |y| < 1.44. Figure 1 shows the dimuon and the dielectron invariant mass spectra in the 60-120 GeV/c 2 mass range after applying acceptance and selection criteria in PbPb and pp collisions. The filled histograms are from the MC simulation described in Section 5.2. In the PbPb sample (top row), 1022 dimuon events (left column) with opposite-charge pairs (OC, black solid circles) and no events with same-charge pairs (SC, black open squares) are found in the Z boson mass range. The pp sample (bottom row) has 830 OC muon pairs and 1 SC pair. In the more restricted dielectron y range (right column), 328 (388) OC pairs are found in the PbPb (pp) data sample, with 27 (17) SC pairs. The increased rate of SC pairs in the dielectron channel results from higher rates of electron misreconstruction and charge misidentification. The charge misidentification rate is estimated for electrons and results in a 1% correction for Z bosons in PbPb collisions. The SC lepton pairs provide a measurement of the combinatorial background, which is negligible (at the 0.1% level) in the muon channel and about 8% (4%) in the electron channel for PbPb (pp) data. The number of Z boson candidates is taken as the OC − SC difference. The remaining background contamination is calculated using sideband fitting and is less than 1%, contributing to the uncertainties described in Section 5.3. These sources of background include bb and cc pairs, Z → τ + τ − , and combinations of charged leptons from W-boson decays with an additional misidentified lepton in the event.
Acceptance and efficiency
In order to correct yields for the acceptance and efficiency in the PbPb analysis, the electroweak processes Z → µ + µ − and Z → e + e − have been simulated using the PYTHIA 6.424 [29] generator, taking into account the proton and neutron content in the Pb nuclei. The detector response to each PYTHIA signal event is simulated with GEANT4 [30] and then embedded in a realistic heavy-ion background event. These background events are produced with the HYDJET 1.8 event generator [31] and then simulated with GEANT4 as well. The HYDJET parameters are tuned to reproduce the measured particle multiplicity for different centralities. The embedding is done at the level of detector hits, and the signal and background events share the same generated vertex location. The embedded events are then processed through the trigger emulation and the full event reconstruction chain. Finally, the generated Z boson p T distribution is reweighted according to the p T distribution obtained using the pp → Z → µ + µ − POWHEG [32] [33] [34] [35] next-to-leading-order (NLO) event generator that gives a reasonable description of the 7 TeV measurement [8] . The distribution of the longitudinal position of the primary vertex is reweighted to match the one observed in collision data.
For the pp data sample, Z boson events are generated with the PYTHIA 6.424 generator with tune Z2* that matches the charged particle multiplicity measured by CMS at √ s values of 0.9, 2.36, and 7 TeV. The generated Z boson p T distribution is reweighted according to the same POWHEG p T distribution used in PbPb. These generated events are reconstructed with the same software and algorithms used for the pp collision data. The longitudinal distribution of the reconstructed primary vertex matches the one in pp data.
Though computed in one step, the acceptance (α) and efficiency (ε) correction can be split into two contributions as follows:
≥ 20 GeV/c, quality requirements
where N Z (. . .) is the number of Z bosons satisfying the restrictions listed in the parentheses, and y µµ(ee) Z is the rapidity of the dimuon (dielectron) system. When the data are binned in the Z boson rapidity, p T , or event centrality, the corresponding selection is applied to both the numerator and denominator.
For the Z boson p T distributions, because of the rapidly falling p T spectrum and the finite momentum resolution of the detector, an unfolding technique based on the inversion of a response matrix created from large simulation samples is first applied to data, similar to the one used in Ref.
[8], before applying the acceptance and efficiency correction based on the generated quantities. The p T resolution of the Z in the dimuon (dielectron) channel varies from 7% (22%) at low Z p T to 2.5% (2.5%) at high Z p T . Due to the correlations between neighboring bins, the variance in the statistical uncertainties increases, which is taken into account in the quoted statistical uncertainties. Using unfolding in rapidity is not needed as the shape of the y spectrum is relatively flat.
For the Z boson rapidity distributions, the efficiency corrections are done such that the denominator is the number of generated Z boson events that survive the selection on kinematic quantities and binned in the kinematic quantities of the generated Z boson. The numerator is the number of reconstructed dimuons (dielectrons) after applying the selection criteria to the dimuon (dielectron) reconstructed quantities and binning based on those reconstructed quantities. This choice folds the minimal resolution effects in y into the efficiency correction.
The overall acceptance is approximately 70 (50)% in the muon (electron) rapidity ranges, and the overall detection efficiency is approximately 85 (55)% in PbPb and 90 (80)% in pp collisions.
Systematic uncertainties
The total systematic uncertainty in the Z boson yield in PbPb collisions is estimated by adding in quadrature the different contributions. The uncertainty in the combined efficiencies is 1.8% (7.4%) for the dimuon (dielectron) channel. This estimate is based on the tag-and-probe technique for measuring single-particle reconstruction, identification, and trigger efficiencies, which is done in a way similar to the method described in Ref. [36] and is dominated by the statistical uncertainty in the data.
The uncertainties coming from the acceptance corrections are less than 2%, as estimated by applying to the generated Z boson p T and y distributions a weight that varies linearly between 0.7 and 1.3 over the ranges p T < 100 GeV/c and |y| < 2.0 (1.44) for the dimuon (dielectron) channel. The p T -dependent uncertainty arising from the resolution unfolding is less than 1%, as estimated by varying the generated Z boson p T distribution using the same method. The energy scale of the electrons and muons relies heavily on the information from the track (in combination with the calorimeter and muon chambers), which decreases the uncertainty of the energy scale. The energy scale uncertainty is less than 1% for the final R AA .
The systematic uncertainty from the remaining backgrounds from other physical sources, such as heavy-flavour semi-leptonic decays, is estimated by fitting the lower dilepton mass range for the data (with the Drell-Yan contribution subtracted) with an exponential function and extrapolating the fit to higher masses. This fit gives a conservative systematic uncertainty of 0.5 (2.0)% in the dimuon (dielectron) channel.
In pp collisions, the largest systematic uncertainty in the differential cross sections comes from the luminosity determination, which is 3.7%. The other sources of systematic uncertainties are similar to the ones described for PbPb collisions.
For the R AA measurement described in Section 6.3, the Z boson cross section in pp collisions is scaled by T AA in order to compare with the corrected yields in PbPb collisions. The uncertainties in T AA are derived by varying the Glauber model parameters and the minimum bias event selection efficiency within their uncertainties, resulting in 6.2% relative uncertainty for centrality-integrated quantities.
The systematic uncertainties for the Z → µ + µ − and e + e − channels for both yields in PbPb and pp collisions are summarized in Table 2 .
Results
Z boson production cross section in pp collisions
The differential pp → Z → µ + µ − and e + e − cross sections as a function of p T and y of the Z boson candidates, selected in the mass range between 60-120 GeV/c 2 mass and within |y| < 2.0 (1.44) in the dimuon (dielecton) channel, are obtained from the pp collision data at √ s = 2.76 TeV. These distributions are shown in Fig. 2 . For pp collisions, the cross section is calculated by dividing the corrected yields by the calibrated integrated luminosity. Overall, the differential cross sections agree with the POWHEG theoretical predictions. Higher-order corrections to the cross sections predicted by this generator amount to 3% [37] . Typical next-tonext-to-leading-order calculations also have a 3% uncertainty in the proton PDFs and are found to agree with 7 and 8 TeV pp data, as reported in Refs. [7, 9] . Therefore, the POWHEG reference has a typical uncertainty of 5% as indicated by the grey band.
Z boson yields in PbPb collisions vs. p T , y, and centrality
The yield of Z bosons has been measured in PbPb collisions as a function of event centrality, Z boson y and p T , and then compared to those in pp collisions simulated using POWHEG (dσ Z pp /dy), scaled by an average nuclear overlap function (T AA ), as described below and discussed in Ref. [22] . Simulated pp collisions from POWHEG are used in these first comparisons because of their higher statistical precision. As shown in Section 6.1, the pp data are consistent with the simulations. A direct comparison of PbPb and pp data is shown in Section 6.3.
The data are divided into independent ranges: 6 in event centrality, 8 (5) in y for the dimuon (dielectron) channel, and 7 in the dilepton p T . The results are presented in Figs. 3 and 4 . The yields of Z → + − (where is µ or e) per MB event, per unit of y (dN Z PbPb /dy), and per p T bin (d 2 N Z PbPb /dy dp T ) are computed using the following equations:
Here N PbPb (Z → + − ) is the number of Z boson candidates, divided into bins of p T , y, and centrality, found in the dimuon or dielectron invariant mass range of 60-120 GeV/c 2 ; N MB is the number of corresponding MB events corrected for the trigger efficiency, namely (1.16 ± 0.03) × 10 9 events; α and ε are acceptance and efficiency corrections (see Section 5.2); ∆y and ∆p T are the two bin widths under consideration. When the Z boson yield is divided into centrality bins, N MB is multiplied by the corresponding fraction of the MB cross section included in the bin. horizontal axis, the event centrality is translated to the average number of participants (N part ) as shown in Table 1 , using the same Glauber model.
No strong centrality dependence is observed for the yield dN Z PbPb /dy × 1/T AA . The centralityintegrated value is displayed as an open square for each channel in Fig. 3 . For comparison, the dash-dotted line on the plots shows the cross section of the pp → Z → + − process provided by the POWHEG generator interfaced with the PYTHIA 6.424 parton-shower generator. The Z boson yields in PbPb collisions have been compared with various theoretical predictions, including PDFs that incorporate nuclear effects. The calculated yields are found to be consistent with the results. However, since the nuclear modification is expected to be small (of the order of 3%) compared to the statistical uncertainties, it is not possible to discriminate among nuclear effects with the available data.
For the p T dependence and y dependence of the Z boson yields, the data are integrated over Table 1 ). Vertical lines (boxes) correspond to statistical (systematic) uncertainties. The theoretical uncertainty of 5% assumed for the POWHEG reference curve is shown by the grey band. centrality; therefore the POWHEG reference is multiplied by the 0-100% centrality averaged T AA = 5.67 ± 0.32 mb −1 , as provided by the Glauber model described above. By construction, this centrality-averaged T AA is equal to A 2 /σ inel PbPb , where A = 208 is the Pb atomic number and σ inel PbPb = 7.65 ± 0.42 barns is the total PbPb inelastic cross section computed from the same Glauber model.
The distribution d 2 N Z
PbPb /dy dp T as a function of the dilepton p T and the invariant yield as a function of rapidity, dN Z PbPb /dy are compared with POWHEG and shown in Fig. 4 . The results vs. y are compared to theoretical predictions which do not incorporate nuclear PDF modifications to the unbound proton PDF (yellow light band) and those that do (green dark band) through the nuclear PDF EPS09 [38] . No strong deviations from this absolutely-normalized reference are observed. Therefore, we deduce that Z boson production scales with the number of inelastic nucleon-nucleon collisions, and that nuclear effects such as isospin or shadowing are small compared to the experimental uncertainties.
Nuclear modification factor
Based on PbPb and pp data at the same centre-of-mass energy, the nuclear modification factor, R AA , is computed for both the dimuon and dielectron channels as a function of the Z boson p T , y, and event centrality, as follows: (4) where N Z PbPb (N Z pp ) are the yields per MB event measured in PbPb (pp) collisions corrected for acceptance and efficiency, σ Z pp refers to the differential cross sections measured from pp collisions, N coll refers to the average number of inelastic nucleon-nucleon collisions for the appropriate centrality selection, and T AA refers to the values of the nuclear overlap function as described in Section 3. The R AA values as a function of y, p T and centrality are shown in Fig. 5 (where the points are slightly shifted along the horizontal axis for clarity: left for muons and right for electrons), and in Table 3 . The information in Fig. 5 is similar to that shown in Figs. 3 and 4 but here using pp data for comparison instead of POWHEG simulations. The R AA values show no dependence, and hence no variation in nuclear effects, as a function of p T , y, or centrality in both the muon and electron channels in the kinematic range studied and within the current uncertainties. 
Combined results for the two decay channels
According to lepton universality and given the large mass, the Z boson is expected to decay into the dimuon and dielectron channels with branching ratios within 1% of each other. Also, neither muons nor electrons are expected to interact strongly with the medium formed in the collision. The two channels can therefore be checked against each other, and used to measure the combined Z → + − yields and R AA , where Z → + − refers to the Z boson decaying into either the dimuon or dielectron channel. Given the uncertainties in the measurements, in the region of overlap, the datasets are in agreement. The combination is then done following the best linear unbiased estimate technique, as described in Ref. [39] .
The combined yields per MB event for PbPb collisions and the combined cross sections for pp collisions are shown in Figs. 6 and 7, respectively. The dimuon and dielectron measurements [20, 30] % 0.99 ± 0.09 ± 0.08 1.12 ± 0.17 ± 0.17 1.12 ± 0.09 ± 0.09 [30, 40]% 1.14 ± 0.12 ± 0.11 0.83 ± 0.17 ± 0.13 1.06 ± 0.11 ± 0.10 [40, 50]% 0.91 ± 0.14 ± 0.11 0.86 ± 0.25 ± 0.15 0.94 ± 0.14 ± 0.11 [50, 100]% 1.14 ± 0.17 ± 0.18 0.78 ± 0.28 ± 0.16 1.17 ± 0.17 ± 0.18 [0, 100]% 1.06 ± 0.05 ± 0.08 1.02 ± 0.08 ± 0.15 1.10 ± 0.05 ± 0.09 share the kinematic region of |y| < 1.44. The dependence on p T and N part of the Z boson yield and R AA measurements in the combination of the two channels are therefore restricted to |y| < 1.44. The dependence on |y| is shown with the combined measurements for |y| < 1.44, extended with the dimuon measurements for the 1.5 < |y| < 2.0 range.
The results as a function of p T , y, and centrality are compared with predictions from the POWHEG generator; this comparison shows that the measurements agree with the theoretical calculations within the combined statistical and systematic uncertainties. The current precision of the measurements does not allow to distinguish between the unbound proton PDF sets and the modified nuclear PDF sets.
To calculate the combined R AA , the combined dilepton yields in PbPb and pp data are obtained and then the R AA ratio is calculated based on those values. The combined R AA values are given in Table 3 and in Fig. 8 . The R AA for the combination of the two channels shows no dependence and no variation in nuclear effects as a function of p T , y, or centrality. This demonstrates that within uncertainties, Z boson production is not modified in PbPb collisions compared with pp collisions scaled by the number of inelastic nucleon-nucleon collisions. For the y dependence, the measurements from dimuons and dielectrons are combined for |y| < 1.44, and the dimuon measurements alone are shown for 1.5 < |y| < 2.0. The yields are compared with pp → Z → + − POWHEG predictions. The results vs. y are compared to predictions with (green dark band) and without (yellow light band) nuclear modification effects. Vertical lines (boxes) correspond to statistical (systematic) uncertainties. The theoretical uncertainty of 5% assumed for the POWHEG reference curve is shown by the grey band.
Summary
The yields of Z bosons have been measured as a function of p T , y, and centrality, in both the dimuon and dielectron channels for PbPb collisions at centrality-integrated R AA is found to be 1.06 ± 0.05 (stat) ± 0.08 (syst) in the dimuon channel and 1.02 ± 0.08 (stat) ± 0.15 (syst) in the dielectron channel. No significant nuclear modifications are found as a function of p T , y, or centrality in either the dimuon or dielectron channels over the entire kinematic range studied.
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